Abstract To date molecular data have not revealed the exact phylogenetic position of Balanophoraceae in relation to hemiparasitic Santalales. To elucidate the phylogeny of Santalales and the position of Balanophoraceae, three plastid genes (matK, rbcL, accD), three nuclear genes (SSU and LSU rDNA and RPB2) and one mitochondrial gene (matR) from 197 Santalales samples (including 11 Balanophoraceae species) were analyzed with parsimony, maximum likelihood and Bayesian inference methods. Our results demonstrate that Balanophoraceae is composed of two well-supported clades: a relatively slow-evolving one including Dactylantus, Hachettea, and Mystropetalon (Mystropetalaceae) and an extremely fast-evolving one composed of the remaining Balanophoraceae s.str. Support for monophyly of the two clades was low, thus it appears holoparasitism has arisen twice independently in Santalales. These two clades appeared during a time of great change in the order (ca. 100 Ma) when several major evolutionary innovations emerged, e.g., the root hemiparasites of Santalaceae s.l., the first aerial parasites (Misodendraceae), herbaceous root parasites (Schoepfiaceae), root parasitic Loranthaceae (the ancestors of aerial parasitic mistletoes), as well as the holoparasites in Balanophoraceae and Mystropetalaceae. Version of Record to Misodendraceae and Loranthaceae. A connection to Santalales was maintained by Van Tieghem (1896), and Fagerlind (1948) , both of whom were influenced by shared morphological reductions in the gynoecium. Kuijt (1968Kuijt ( , 1969 speculated that these morphological similarities could be the results of convergent adaptions to parasitism. Some 20th century classifications included these parasites in Santalales (Engler & Gilg, 1912; Cronquist, 1981) whereas some did not (Kuijt, 1968; Takhtajan, 1997) . In all of these more recent classifications, Cynomoriaceae was included in Balanophoraceae or allied with it. Takhtajan (1997) placed superorder Balanophoranae near Rafflesianae, both in Magnoliidae. Balanophorales was split into eight families that corresponded with the subfamilies and tribes of Harms (1935) . Later Takhtajan (2009) moved Balanophoranae to Rosidae, placing it after Santalanae, and reunited the segregate families into Balanophoraceae. These dramatically different taxonomic concepts, even among treatments from the same individual, demonstrate well the uncertainty about affinities of this group of holoparasites.
INTRODUCTION
The sandalwood order (Santalales) is worldwide in distribution and is the largest order of parasitic plants including ca. 179 genera and 2460 species. Unlike most parasitic angiosperms, many members are woody and habits include both root and stem parasites such as mistletoes. Placement of Santalales within the global angiosperm phylogeny has previously been uncertain despite strong support for monophyly of the clade (Soltis & al., 1999 Hilu & al., 2003) . More recent analyses using chloroplast genes have shown that Santalales is strongly supported as sister to a clade referred to as Superasteridae that contains 12 other orders including Caryophyllales and Asterales (Moore & al., 2010; Ruhfel & al., 2014) . Features that unite all Santalales includes simple leaves, valvate perianth, freecentral pendulous placentation (including reduced derivations), and one-seeded fruits. Moreover, many members have C18 (and longer chain) acetylenic fatty acids such as santalbic acid (Aitzetmüller, 2012; Kubitzki, 2015) .
Reviews of the complex taxonomic history of Santalales have been made (Reed, 1955; Kuijt, 1968 Kuijt, , 2015 Malécot, 2002; . From the 19th century to present, there has been a trend towards recognizing the mutual affinities among a core group composed of seven families in a single order, Santalales: Olacaceae, Misodendraceae, Loranth aceae, Opiliaceae, Eremolepidaceae, Santalaceae and Viscaceae (Kuijt, 1968; Cronquist, 1981) . A number of other families, such as Medusandraceae (Wurdack & Davis, 2009 ), Dipentodontaceae (Peng & al., 2003) , Grubbiaceae (Xiang & al., 2002) have also been included at one time or another but the current consensus is that they are not closely related.
The association of Balanophoraceae with Santalales dates to the middle of the 19th century. Eichler (1867) provided detailed descriptions and illustrations of female flowers among various genera of Balanophoraceae and Cynomoriaceae. He stated that Cynomoriaceae was allied with Hippuris L. (Saxifragales: Halo ragaceae), in agreement with Hooker (1856) and that Balanophoraceae (minus Mystropetalon Harv.) were related
In the present study, sequence data from the nucleus, chloroplast and mitochondrion have been assembled for all available Santalales including Balanophoraceae. For the first time, analyses were conducted with a 7-gene matrix to examine (1) support for all Santalales clades (families) and (2) the phylogenetic position of Balanophoraceae in the sandalwood order.
MATERIALS AND METHODS
Taxon sampling. -A total of 19 families, 148 genera and 180 species of Santalales were sampled, including 10 genera and 11 species of Balanophoraceae (Appendix 1, with voucher information and GenBank accession numbers). Six species from other core eudicots were used as the outgroups. Although some classifications include Cynomorium L. within or near Balanophoraceae (Cronquist, 1981; Takhtajan, 2009) , it was not included in this study (justification in Electr. Suppl.: Appendix S1).
DNA extraction and gene amplifications. -For the newly obtained sequences in this study, genomic DNA was extracted from herbarium, fresh frozen or silica dried plant tissues using a standard CTAB method (Doyle & Doyle, 1987) or a modified CTAB method (Nickrent, 1994 (Nickrent, , 1997 . Chloroplast matK and accD genes were amplified using primers and protocols reported in Rogers & al. (2008) . Nuclear LSU rDNA genes were amplified according to Vidal-Russell & Nickrent (2008a) . The nuclear SSU rDNA, mitochondrial matR and the homologs of RPB2 sequences were amplified with the primers and conditions described in Su & Hu (2012) . Direct sequencing of PCR products used various automated methods. Additionally, five sequences were extracted from four transcriptome assemblies included in the 1000 Plants Project (1KP; http://www.onekp .com) using BLAST, including Dendropemon caribaeus Krug & Urb. (accD, RPB2) Phylogenetic analyses. -Edited sequences were imported into Se-Al v.2.0a11 (Rambaut, 2007) and aligned manually. For the protein coding genes, the nucleotide sequences were translated into amino acid sequences and indels were introduced while maintaining sequence frame. All indels were treated as missing data. For nuclear ribosomal DNA, alignment was guided by reference to published higher-order structures. Individual gene alignments were saved as NEXUS files and then concatenated using Mesquite v.3.01 (Maddison & Maddison, 2011) .
All of the individual gene datasets and the concatenated datasets were analyzed using maximum parsimony (MP), maximum likelihood (ML) and Bayesian inference (BI) methods. For the ML and BI analyses, appropriate substitution models for each individual gene dataset were estimated using jModelTest v.2.1.3 (Posada, 2008 (Posada, , 2009 ). The ML topologies were performed under Genetic Algorithm for Rapid Likelihood Inference (Garli) v.2.0 (Zwickl, 2006) . 100 search replicates with stepwise addition of taxa and all other options set to defaults. Rapid bootstrapping (BS) of 500 pseudo-replicates was performed in RAxML v.7.0.4 (Stamatakis, 2006) under the GTR + I + G model. The BI analyses were performed with
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MrBayes v.3.1.2 (Ronquist & Huelsenbeck, 2003) and the bestfitting substitution model for the combined datasets were estimated using PartitionFinder v.1.1.1 (Lanfear & al., 2012) for each gene and codon position. Markov Chain Monte Carlo searches were performed with four chains of 2.5 (individual gene datasets) or 7 (concatenated dataset) million generations with a sample frequency of 500. The consensus tree and Bayesian inference posterior probabilities (BIPP) were calculated from trees with split frequencies less than 0.01.
For the MP analyses, heuristic searches were conducted by PAUP* v.4.01b10 (Swofford, 2002) with 1000 random addition replicates using tree bisection-reconnection (TBR) branch swapping with steepest descent option in effect. The maximum trees were set to 10,000 and 1 tree was held at each step. The MP bootstrap were evaluated using 100 random-addition replicates with the maximum trees retained set to 10,000, retaining only 10 trees of length ≥ 1 per replicate (nchuck = 10, chuckscore = 1).
Hypothesis testing. -Multiple tests were conducted to assess possible conflicts among different datasets and analytical approaches. Tree topologies and support values resulting from each dataset were compared to assess the possible conflicts. To test the effects of different data and different inference methods on the phylogenetic estimation, we performed the MP/ ML analyses with varying gene content: (1) removing the fastevolving taxa of Balanophoraceae in the 7-gene concatenated dataset and (2) removing the third-codon position of proteincoding genes in the non-plastid gene dataset.
Trees resulting from MP and ML analyses of the concatenated dataset supported different hypotheses of relationships among members of Balanophoraceae. Two simulation-based tests were conducted to assess whether monophyly of Balanophoraceae can be rejected under ML and if MP is being misled by LBA. A parametric bootstrapping test called SOWH (Swofford & al., 1996) was implemented to evaluate the hypothesis that a tree on which Balanophoraceae is monophyletic is the best explanation of the concatenated 7-gene dataset. The complexities of this dataset-i.e., alignment gaps in many of the genes, missing data for some genes for some taxa, and no plastid data for Balanophoraceae-complicated the simulations. To test this hypothesis, we estimated the best-fitting model for each gene in jModelTest as described above, ignoring models that included a proportion of invariant sites parameter (this parameter is not available in PAML; see below). The ML tree for the 7-gene dataset, partitioned by gene, was estimated in Garli under a topological constraint that enforced monophyly for Balanophoraceae. Each individual gene dataset was opened in PAUP*; the ML tree was loaded into PAUP* along with each individual-gene dataset. Taxa missing for each gene were deleted from the ML tree, producing a trimmed ML tree based on the full dataset that matched the complement of taxa for which data were available for each gene. Each of the seven resulting trimmed trees was loaded into PAML v.4.3 (Yang, 2007) along with the corresponding individual gene dataset, and branch lengths of the trimmed tree and substitution model parameters were estimated for each gene. The seven sets of trimmed tree topology, branch lengths and model parameter estimates were individually used to simulate 100 single-gene datasets in INDELible v.1.03 (Fletcher & Yang, 2009 ). These 100 simulated single-gene data matrices were concatenated using FASconCAT v.1.0pl (Kück & Meusemann, 2010) . The resulting simulated 7-gene concatenated datasets did not include indels within genes, but did match the original concatenated dataset's pattern of missing data on a "by locus" basis (i.e., taxa missing data for genes in the original data also lacked these data in the simulated concatenated data matrices). The simulated datasets were analyzed in Garli with and without enforcing a topological constraint for Balanophoraceae monophyly. Garli analyses were conducted using five random stepwise addition search replicates, with data partitioned by gene and using the best-fitting substitution models for each gene as estimated for the original concatenated dataset. The resulting delta values (differences in log likelihood for the pair of ML trees estimated for each simulated dataset) were used as a null distribution for the hypothesis that a tree including a monophyletic Balanophoraceae is the true tree. The observed delta value (the difference in likelihood between the unconstrained ML tree for the original dataset and the best ML tree found under a Balanophoraceae monophyly constraint) was compared to this null distribution. If the observed delta was greater than 95% of the simulated delta values, the null hypothesis was rejected.
A similar test was used to investigate whether LBA could be misleading MP, causing it to recover a monophyletic Balanophoraceae. Following (Huelsenbeck & Crandall, 1997) , data were simulated and concatenated as described above, but on the unconstrained ML tree estimated by Garli via an analysis of the original, 7-gene concatenated dataset with the data partitioned by gene. These 100 simulated concatenated datasets were analyzed with MP as described above. Trees resulting from MP analyses were passed through a Balanophoraceae monophyly filter in PAUP*. If LBA is misleading MP, we expect MP to return trees on which Balanophoraceae is monophyletic.
RESULTS
A total of 124 sequences were newly obtained in this study, which including 7 SSU rDNA, 23 LSU rDNA, 39 RPB2, 1 rbcL, 3 matK, 34 accD and 17 matR gene sequences. Statistics relating to the separate and combined gene datasets and subsequent phylogenetic analyses are given in Table 1 . Among the seven individual gene datasets, the plastid matK gene contained the highest percentage of parsimony-informative characters (54%) whereas the nuclear SSU rDNA exhibited the lowest (25%). Although the level of resolution between the different datasets differed, the relationships among the major clades were largely congruent without a significant conflict (here we refer to BS > 60%) among the topologies (Electr. Suppl.: Fig. S1 ).
Phylogenetic analyses of combined datasets. -The topologies of the 7-gene concatenated dataset from ML/BI (Fig. 1 , BI tree not shown) and MP (Electr. Suppl.: Fig. S2 ) are all highly similar to each other. The monophyly of Santalales is well supported by all three methods (MP/ML BS = 99%-100%, BIPP = 1.0) and the clades corresponding to each of the Santalales families (except for Balanophoraceae) all received bootstrap support greater than 95%. However, there are some topological differences between of ML/BI and MP, including the relationships among Olacaceae, Coulaceae, Aptandraceae, Octoknemaceae and Ximeniaceae, as well as the relationships among Thesiaceae, Comandraceae, Cervantesiaceae and Balano phoraceae. The position of Octoknemaceae (consisting of one accession of Octoknema Pierre) was placed at different positions on the trees ( Fig. 1A ; Electr. Suppl.: Fig.  S2 ), as one of the basal lineages in Santalales with ML/BI (Fig. 1) or as sister to the "non-Olacaceae s.l." taxa with MP (Electr. Suppl.: Fig. S2 ). Some support for the latter position was obtained with ML/BI using a dataset where the fast-evolving Balanophoraceae taxa were removed (Electr. Suppl.: Fig.  S3 ). The relationships among Olacaceae, Coulaceae, Aptandraceae and Ximeni aceae also varied between the ML/BI and MP trees. Sister relationships were found between Olacaceae and Aptandraceae and between Coulaceae and Ximeniaceae in the MP analysis (Electr. Suppl.: Fig. S2 ) and the ML analysis without fast-evolving Balanophoraceae (ML/MP BS = 53%-78%, BIPP = 0.95-1.0 in Electr. Suppl.: Fig. S3 ). However, in the ML analysis with all Balanophoraceae, Coulaceae was resolved as a sister to Olacaceae and the remaining "non-Olacaceae s.l. taxa; moreover, Ximeniaceae was sister to Aptandraceae. In both of these cases support for the clades was low.
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In both the ML/BI and MP trees ( Fig. 1A, B shows Balanophoraceae as monophyletic but with low support (MPBS < 50%). In contrast, Balanophoraceae are not monophyletic on the ML/BI tree ( Fig. 1) with the B clade sister to Loranthaceae (MLBS = 80%, BIPP = 0.97) and the A clade sister to the "non-Olacaceae s.l." clade (MLBS = 94%, BIPP = 1.0). After removal of the A clade in both the ML (Electr. Suppl.: Fig. S3 ) and MP (Electr. Suppl.: Fig. S4 ) trees, the position of the B clade remained the same, either sister to Loranthaceae (MLBS = 93%, BIPP = 0.96) or grouped with Schoepfiaceae and Misodendraceae (MPBS = 96%).
The large mistletoe family Loranthaceae received strong support as monophyletic in all analyses with the root parasite Nuytsia R.Br. sister to the rest of the family. Atkinsonia F.Muell. also a root parasite from Australia, diverged next in both the ML/BI (Fig. 1B) and MP (Electr. Suppl.: Fig. S2 ) trees. The third root parasite, Gaiadendron G.Don. diverged next in the ML/BI tree but not on the MP tree. The topology of these two trees differed most in the positions of biogeographically key taxa such as Tupeia Cham. & Schltdl. from New Zealand and Desmaria Tiegh. and Notanthera G.Don. from South America. In general, several clades from the "spine" of these trees were poorly supported, thus resulting in low resolution.
The upper portion of the ML/BI (Fig. 1C) and MP (Electr. Suppl.: Fig. S2 ) trees consisting of Opiliaceae and Santalaceae s.l. were for the most part congruent. Opiliaceae (including Anthobolus R.Br. of former Santalaceae) was resolved with strong support as sister to the remaining clades. The monophyly of the other seven families received strong bootstrap support with ML/BI and MP but interrelationships differed in some cases. A sister relationship between Thesiaceae and Cervantesiaceae received moderate support (MLBS = 76%, BIPP = 0.78, MPBS < 50%) and Comandraceae was sister to them (MLBS = 75%, BIPP = 0.65, MPBS < 50%). Despite showing these three families in one clade on the shortest MP tree (Electr. Suppl.: Fig. S2 ), support for this clade was low.
Comparing the topologies based on the plastid and nonplastid gene datasets. -The phylogenetic relationships of the major clades based on ML and MP analyses of four non-plastid and three plastid genes are shown in Fig. 2 . The individual genes contained different amounts of phylogenetic signal as shown by the number of parsimony-informative sites (Table 1) with the lowest being SSU rDNA and rbcL and the highest matK and LSU rDNA. RPB2 and matR had the lowest taxon sampling, which also influences comparisons of phylogenetic signal across genes and partitions (Electr. Suppl.: Fig. S1 ). Despite some incongruences between the ML and MP topologies in non-plastid and plastid data partitions, most of these conflicted relationships received weak bootstrap support (MP/ ML BS < 60%).
Although support for clades representing the families Olacaceae s.l. and Santalaceae s.l. were generally high, relationships between these clades (i.e., along the "spine" of the 
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Version of Record tree) were not well supported. Because the plastid genes are absent in Balanophoraceae, this partition could not be used to assess its position in the order (Fig. 2) . For the four non-plastid genes (Fig. 2) , a monophyletic family was not supported and the same topology and clades (A and B) as were seen on the 7-gene concatenated tree (Fig. 1) were obtained in the ML analysis. Conversely, Balanophoraceae was resolved as monophyletic, albeit weakly (MPBS = ca. 50%) on the MP tree ( Fig. 2 ; Electr. Suppl.: Fig. S2) . Exclusion of the third-codon position of matR and RPB2 from the 4-gene non-plastid partition yielded similar results for the position of Balanophoraceae (Electr. Suppl.: Fig.  S5 ). This exercise removed much of the phylogenetic signal, thus support for some of the relationships along the "spine" of the tree was reduced, particularly in the in the MP tree. For the ML tree, the same topology as seen in Fig. 2 was recovered.
Results of the SOWH test suggest that ML rejects Balanophoraceae monophyly. The observed difference in likelihood for the ML topology and the topology resulting from a search constrained to return a monophyletic Balanophoraceae was 42.4064. This delta value was much greater than all 100 delta values for data simulated on the constrained topology (P < 0.01; the largest simulated delta value was 0.0021). However, the Huelsenbeck test, used to determine whether LBA could be misleading MP to return a monophyletic Balanophoraceae even if the true tree had a polyphyletic Balanophoraceae, suggests that LBA is not misleading MP. Balanophoraceae monophyly was not recovered in any tree resulting from MP analysis of the 100 datasets simulated on the ML topology (on which Balanophoraceae was polyphyletic; data not shown). 
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DISCUSSION
This study represents the first molecular phylogenetic analysis to use comprehensive taxon sampling in Santalales, including Balanophoraceae. DNA sequences for 148 of the total 179 genera in the order were utilized, including 10 of 17 genera of Balanophoraceae. Although plastid genes could not be PCR-amplified from Balanophoraceae, three genes (rbcL, matK, accD) were concatenated with nuclear RPB2, SSU and LSU rDNA and mitochondrial matR to maximize resolution. With newly generated sequences added to those from previous studies, resolution of the position of Balanophoraceae within Santalales has improved.
Relationships among the autotrophic and hemiparasitic clades of Santalales. -The phylogenetic relationships among the major clades in Santalales (minus Balanophoraceae) are generally congruent with those presented in previous molecular phylogenetic investigations (Der & Nickrent, 2008; Malécot & Nickrent, 2008; Vidal-Russell & Nickrent, 2008a, b) . Each of these clades will be briefly discussed, particularly with reference to two classifications that have appeared after publication of the above molecular studies: the Angiosperm Phylogeny Website (Stevens, 2001-) and Kuijt (2015) . The traditionally recognized family Olacaceae was shown to be polyphyletic by Malécot & Nickrent (2008) and eight clades were recognized as families in : Strombosiaceae, Erythropalaceae, Octoknemaceae, Ximeniaceae, Aptandraceae, Coulaceae, Olacaceae and Schoepfiaceae (Fig. 1) . Although interfamilial relationships were not fully resolved, all of these families were strongly supported by the molecular data.
With its six genera, Strombosiaceae was classified as a family by and Stevens (2001-) but not by Kuijt (2015) who lumped these genera, along with Heisteria Jacq., Maburea Maas, and Brachynema Benth. into a broadly defined Olacaceae. As discussed in Malécot & Nickrent (2008) , molecular and morphological cladistic trees (Malécot & al., 2004) have points of agreement and disagreement regarding relationships within Strombosiaceae. Given that Olacaceae s.l. (as defined by Kuijt) still shows extreme morphological heterogeneity, we believe it is more prudent to use the molecular data to inform how to partition this variability in a phylogenetically meaningful way. Morphological features shared by members of this family were discussed in and are presented in more detail in Nickrent (1997-) .
The present study includes three genera of Erythropalaceae: Erythropalum Bl., Heisteria, and Maburea. In addition, the genus Brachynema (not sampled here) was shown via molecular work by K. Wurdack (unpub.) to belong in this family, near Maburea. These genera have very similar leaf anatomy (Maas & al., 1992) and also have axile placentation, absent elsewhere in Santalales. Morphological features that support placing Brachynema in Santalales include the presence of a valvate perianth and an acrescent calyx. If Brachynema truly belongs in this family, then the already wide array of morphological variation in vegetative and reproductive features increases further. With regard to Erythropalum, Kuijt (2015) states "the systematic affinities of Erythropalum have yet to be resolved", yet both MP and ML trees reported here show strong support for its inclusion in this family. Kuijt (2015) indicates he followed Sleumer (1935) in removing Erythropalum from Santalales; however, a later publication by the same author includes the genus in Olacaceae (Sleumer, 1980) . The family Octoknemaceae, containing only the genus Octoknema was recognized by , Stevens (2001-) and Kuijt (2015) . Despite adding nuclear and mitochondrial sequence data for Octoknema, its position in Santalales remains poorly resolved. There appears to be conflict between the non-plastid and plastid partitions (Fig. 2) where the latter placed it as weakly supported as sister to the "non-Olacaceae" clades. This relationship was also seen in Malécot & Nickrent (2008) which had only two plastid genes (rbcL, matK) available for analysis. Although the tree inferred from RPB2 plus SSU rDNA agreed with this placement, the tree resulting from matR did not, thus leaving the placement of Octoknemaceae ambiguous.
Ximeniaceae composed of Curupira Black, Douradoa Sleumer (not sampled here), Malania Chun & Lee, and Ximenia L. is a well-supported clade from both molecules and morphology. The family was recognized as composed here by , Stevens (2001-) and Kuijt (2015) . Its position in the Santalales phylogeny is variable depending upon the gene or method of analysis, often forming a weakly supported clade with Coulaceae ( Fig. 1A ; Electr. Suppl.: Figs. S1, S2). For Ximenia, positive evidence exists for root parasitism (DeFilipps, 1969); however, haustoria could not be seen on excavated roots of a large individual of Curupira (C. Clement, pers. comm.) nor on potted seedlings (Rodrigues, 1961) . If some Ximeniaceae are parasitic and others are not, then it is possible that parasitism evolved more than once in the order. Alternatively, it may have evolved only once, but was then lost in some Ximeniaceae. The loss of parasitism once it has evolved in a lineage has never been documented and, given the selective advantage this trophic mode provides, this explanation seems less likely. Finally, it is possible that with additional searching, especially on young roots of older plants growing in the presence of host roots, haustoria will be found. Clearly additional basic research is required.
Aptandraceae was recognized as a family by , Stevens (2001-) and in a modified form by Kuijt (2015) . The topology of this clade (Fig. 1 ) and the one derived from a 4-gene analysis (Ulloa & al., 2010) were identical. The family is composed of two well-supported clades: the Aptandra clade (Aptandra Miers, Chaunochiton Benth., Harmandia Baillon, Hondurodendron Ulloa & al., Ongokea Pierre) and the Anacolosa clade (Anacolosa Bl., Cathedra Miers, Phanerodiscus Cavaco), both characterized by several morphological synapomorphies (Ulloa & al., 2010) . Kuijt (2015) excluded Anacolosa and Cathedra stating these genera "lack such fundamental features", referring to anther dehiscence by reflexed valves or pores. Because he believed these two genera had "more regular anther structure", and did not describe their dehiscence, Kuijt (2015) placed them in Olacaceae. The variable anther morphology in Aptandraceae was discussed in Ulloa & al. (2010) . In fact, the anther dehiscence in Cathedra is similar to that seen in Chaunochiton and Phanerodiscus, i.e., porose (see Aptandr aceae images in Nickrent, 1997-) . Likewise, the slit or porose dehiscence is described and illustrated for Anacolosa in Capuron (1968) . Thus, both molecular data and morphology strongly support recognition of Aptandraceae as circumscribed by .
Coulaceae was circumscribed identically by , Stevens (2001-) and Kuijt (2015) . Composed of Coula Baillon, Minquartia Aublet and Ochanostachys Masters, it is strongly supported as monophyletic; however, its position in Santalales is not stable. ML trees for SSU rDNA and matK (Electr. Suppl.: Fig. S1 ) as well as the 7-gene ML tree with fast Balanophor aceae removed (Electr. Suppl.: Fig. S3) show Coulaceae as sister to Ximeniaceae but this relationship was not recovered in the 7-gene ML tree with all taxa included (Fig. 1) . Haustoria were not found on excavated roots of Ochanostachys amentacea Mast. cultivated at the Rimba Ilmu Botanic Garden in Malaysia (Teo, 1997) , thus at least this member of the family appears to be autotrophic.
Olacaceae s.str. is composed of Dulacia Sleumer, Olax L., and Ptychopetalum Benth. which follows and Stevens (2001-) but not Kuijt (2015) . The latter author did not recognize Erythropalaceae nor Strombosiaceae and included those members, as well as the above three genera and Brachynema Benth, in a heterogeneous Olacaceae s.l. composed of 13 genera. Olacaceae s.str. is very well supported as monophyletic based on molecules and as discussed in Malécot & Nickrent (2008) , have long been recognized for their morphological, anatomical, and palynological homogeneity. Haustorial parasitism has been documented for Olax (Pate & al., 1990) and Ptychopetalum (Anselmino, 1932) .
The middle portion of the Santalales tree (Fig. 1B) is where much evolutionary change is taking place. Here is where the hemiparasites Santalaceae s.l., Misodendraceae, Schoepfiaceae and Loranthaceae originate, as well as the holoparasites in Balanophoraceae (discussed below). These clades apparently diverged from "Olacaceae-like" ancestors ca. 90-100 Ma (Vidal-Russell & Nickrent, 2008b; Bell & al., 2010; Naumann & al., 2013) . Misodendraceae contains one genus, Misodendrum Banks ex DC., with eight species of aerial parasites of Notho fagus Blume in southern South America (Vidal-Russell & Nickrent, 2007) . Time estimates using Bayesian relaxed molecular clock methods date the appearance of the family, and likely the first mistletoes, at ca. 80 Ma (Vidal-Russell & Nickrent, 2008b ). This clade diverged from a clade of root parasites classified in as Schoepfiaceae. This family, composed of Arjona Comm. ex Cav., Quinchamalium Molina, and Schoepfia Schreber was recognized by Stevens (2001-) and Kuijt (2015) , but the latter author includes only the genus Schoepfia. The sister relationship between Misodendraceae and Schoepfiaceae received strong support with most molecular partitions. Moreover, the inclusion of Arjona and Quinchamalium in Schoepfiaceae is strongly supported by molecular data and several morphological features discussed in . These data were apparently dismissed by Kuijt (2015) who retained Arjona and Quinchamalium in their traditional family, Santalaceae s.l.
The Misodendraceae / Schoepfiaceae clade is sister to another composed of Loranthaceae and the Balanophoraceae B clade. This topology is obtained using the full 7-gene dataset as well as the non-plastid and plastid gene partitions (Figs. 1,  2) . Relationships within Loranthaceae are largely congruent with those previously published (Vidal-Russell & Nickrent, 2008a) , hence they will not be described in detail here. The Australian root parasite Nuytsia is strongly supported as sister to the remainder of the family. Although the major clades, classified as tribes and subtribes in were recovered, the "spine" of the Loranthaceae tree has a number of poorly resolved nodes that will require additional molecular markers to resolve. That classification was reported verbatim in Kuijt (2015) . Loranthaceae was the last of the five mistletoe clades to evolve, ca. 28 Ma (Vidal-Russell & Nickrent, 2008b) and it subsequently underwent a massive adaptive radiation producing great generic and specific diversity.
The upper portion of the Santalales ML tree (Fig. 1C) contains Opiliaceae and Santalaceae s.l. as presented by Stevens (2001-) . The classification for this group here follows where Santalaceae s.l. is composed of seven families: Comandraceae, Thesiaceae, Cervantesiaceae, Nanodeaceae, Santalaceae s.str., Viscaceae and Amphorogynaceae. The classification system of Kuijt (2015) is most similar to that of Pilger (1935) which contained a broadly defined Santalaceae as well as Eremolepidaceae and Viscaceae. Kuijt (2015) did not follow an existing nor propose a new tribal classification of Santalaceae. Moreover, advancements such as recognition of Amphorogyneae (Stauffer, 1969) or insights gained from molecular analyses (Der & Nickrent, 2008) were not incorporated, thus the Santalaceae treatment by Kuijt (2015) is not a classification but an alphabetical list of generic descriptions.
Opiliaceae is strongly supported as sister to the remaining clades. Although included in Olacaceae by many 19th century workers, the family Opiliaceae has been consistently recognized after the treatment by Sleumer (1935) . Members have leaves with cystoliths, bisexual or unisexual flowers, and a superior ovary with one ovule (Kuijt, 2015) . Seven of the ten genera in this family were sampled as well as the genus Anthobolus which was traditionally classified in Santalaceae near Exocarpos Labill. (Stauffer, 1959) . As discussed in Der & Nickrent (2008) and , the finding that Anthobolus is more closely related to Opiliaceae was surprising, although both have a superior ovary which differs from most Santalaceae s.l. with inferior ovaries. True ovules are seen in Opiliaceae but not in Anthobolus which has a central coneshaped placenta and undifferentiated ovules (Stauffer, 1959) . With regard to Anthobolus, Kuijt (2015) argued "its affinity with the Santalaceous Exocarpos is undeniable". It should be pointed out, however, that reductions in the placental-ovule complex in Opiliaceae have occurred. The ovule of Agonandra is not elevated on a free-central placenta but is basal (Hiepko, 2000) . Taking this reduction trend further one can envision the condition seen in Anthobolus. The phylogenetic placement in Opiliaceae is consistent across nuclear and chloroplast genes and this relationship is seen not only with A. leptomerioides F.Muell. (sampled here) but also with A. filifolius Version of Record R.Br. (Nickrent, data not shown) . It is worth considering that the morphological similarity to Exocarpos reflects convergence or atavism, as is prevalent in Santalaceae s.l. (Der & Nickrent, 2008) .
The classification of Stevens (2001-) presents Santalaceae s.l. containing seven tribes or groups that correspond to the families of . It is curious that the rank of family was accepted for the segregates of Olacaceae s.l. but was not followed for the equally polyphyletic Santal aceae s.l. As shown in the present multigene study, both groups have well-supported clades (here recognized at the familial rank) and both have poorly supported interrelationships among the families along the "spine" of the tree. Given the topology and support values for the nodes in the upper portion of the Santalales tree, it is not clear why Stevens (2001-) excluded Opiliaceae from Santalaceae s.l. As outlined in , four secondary principles were followed (in addition to monophyly), one of which was stability, i.e., minimizing nomenclatural changes. Both Santalaceae and Viscaceae are very well-established in the literature, thus retaining these names causes the least disruption and preserves information about these clearly defined families. Three of the five remaining families, Amphorogynaceae, Cervantesiaceae and Thesiaceae are very strongly supported as monophyletic and each is well characterized morphologically. The remaining two families (Comandraceae, Nanodeaceae) are small, each containing just two genera. The former was sister to the Cervantesiaceae / Thesiaceae clade but with only moderate support (Fig. 1C) . Similarly, Nanodeaceae was sister to a clade containing Santalaceae, Amphorogynaceae and Viscaceae but with low support. It is likely that additional sequences will eventually resolve the "spine" of the Santalales tree.
Phylogenetic placement of Balanophoraceae within Santalales. - The results of this study confirmed that Balanophoraceae are derived from within Santalales (Barkman & al., 2007; Su & Hu, 2012) and showed the presence of two distinct clades with widely differing substitution rates: a fast-evolving clade A and a relatively slowly evolving clade B. The MP tree recovered a monophyletic Balanophoraceae, with low support (Fig. 2 ; Electr. Suppl.: Fig. S2 ), whereas the ML tree placed clade B as sister to Loranthaceae (moderate support) and clade A two nodes deeper on the tree as sister to the non-Olacaceae s.l. clades (Fig. 1A-B) . The data present here support a non-monophyletic Balanophoraceae, thus indicating that holoparasitism evolved independently two times in Santalales. Artifactual phylogenetic relationships resulting from LBA (Felsenstein, 1978) were demonstrated with another holoparasite group, Rafflesiaceae s.l. (Nickrent & al., 2004) where MP (as opposed to model based methods) was particularly susceptible. Among-site rate variation is a common characteristic of sequence evolution that results from different selective constraints on different sites (Yang & Kumar, 1996) . In contrast to MP, the model-based analyses better accommodate different sequence evolution parameters such as base substitution heterogeneity and rate variation among nucleotide sites (Bos & Posada, 2005; Gadagkar & Kumar, 2005; Philippe & al., 2005) . Given the branch lengths in the Balanophor aceae A clade, it is reasonable to expect such systematic error; however, results of the Huelsenbeck test indicate LBA was not misleading MP. For the three clade B genera, branch lengths on the phylogram (Fig. 1B) are not particularly long, in fact comparable to those seen among genera of Viscaceae. Moreover, after the removal of clade A taxa, the position of clade B in both the ML and MP tree did not change. When third-codon position of protein-coding genes are removed, which reduced some degree of substitution bias, the resulting relationships of both Balanophoraceae clade A and B remained constant (Electr. Suppl.: Fig. S5 ). Balanophoraceae clades A and B were also consistently separated following removal of the fastest evolving category of sites (Electr. Suppl.: Fig. S6 ) or by using amino acid sequences of the five protein-coding genes (Electr. Suppl.: Fig. S7 ). These results indicate that the Balanophoraceae clades were not influenced by LBA and that their topologies reflect actual phylogenetic affinity.
The recognition of at least two groups within Balanophoraceae is not unprecedented. As mentioned in the Introduction, Eichler (1867) separated Mystropetalum from the remaining Balanophoraceae. His association of the latter with Misodendraceae and Loranthaceae is amazingly similar to the molecular phylogenetic results reported here. Harms (1935) proposed dividing the genera into six subfamilies and this system was followed in a slightly modified form by Takhtajan (1997) whose classification included eight families, all split from Balanophoraceae s.l. Given the type genus occurs in clade A, we retain that family name Balanophoraceae Rich. (Richard 1822: 429) in the strict sense for Balanophora and 13 other genera. For clade B, two family names are available, Mystropetalaceae Hook.f. (Hooker, 1853: 94) for Mystropetalon and Dactylanthaceae (Engl.) Takht. (Takhtajan, 1987: 43) for Dactylanthus and Hachettea. Given earlier date of publication of the former, we include those three genera in Mystropetalaceae.
Phylogenetic relationships among genera of Balanophoraceae. -In Mystropetalaceae, Hachettea of New Caledonia is sister to Dactylanthus of New Zealand and that clade is sister to Mystropetalon of South Africa. All three of these genera have comparatively restricted distributions on Gondwanan landmasses. The time of divergence for this clade is approximately the late Cretaceous, in agreement with Naumann & al. (2013) who derived a date for the Santalales / Balanophoraceae clade of 109 Ma. The common ancestor, likely a woody root hemiparasite (as in Olacaceae), underwent a radiation that produced the common ancestor of Opiliaceae / Santalaceae s.l., the first aerial parasites (Misodendraceae), the first herbaceous perennial root hemiparasites (Schoepfiaceae -Arjona, Quinchamalium), the first root parasitic members of Loranthaceae (i.e., Nuytsia, Atkinsonia), and the holoparasites of Mystropetalaceae. The ancient ancestor of Mystropetalaceae was likely woody and hemiparasitic, but evolutionary changes along this branch produced the herbaceous holoparasites we see in the extant genera. Reductions and losses of floral parts seen in Balanophoraceae s.str. (below) are not as pronounced in Mystropetalaceae. For example, a perianth is present on the female flowers of all three genera (Hansen, 1986; Holzapfel, 2001; Hansen & Kubitzki, 2015) . The morphological reductions of the gynoecium and a shared Allium type of embryo sac inspired Fagerlind (1948) to propose a shared ancestry between "Balanophorales" and Viscaceae / Helixanthera Lour. (Loranthaceae). Morphological and anatomical features of the haustorium in Mystropetalon were considered to be similar to Santalales (Weber, 1986) . Given the phylogenetic data, it is now important to determine if such apparent similarities represent synapomorphies.
Relationships among the genera Balanophoraceae s.str. are generally concordant with groups recognized in morphology-based classifications (Takhtajan, 1997 (Takhtajan, , 2009 Hansen & Kubitzki, 2015) . Thonningia Vahl. together with Langsdorffia Raddi were placed in Langsdorffieae by Harms and this tribe was elevated to subfamily by Takhtajan (2009) . The former genus is found in tropical Africa whereas the latter has a disjunct distribution that includes Madagascar, New Guinea, and tropical America. Molecular data place Langsdorffia malagasica (Fawc.) B.Hansen as sister to Thonningia (Nickrent, unpub. data) . As reflected in the classification by Harms (1935) , Langsdorffioideae is related to Balanophoroideae (containing just Balanophora). This is borne out by the molecular data, chemical data such as the storage of balanophorin (as opposed to starch) in the tubers, and morphology where female flowers have one style. With ca. 16 species, Balanophora is the largest genus in the family and has a wide distribution from Madagascar to India, Indomalaya, Australia and Pacific islands. It is monoecious or dioecious with complex male and female inflorescence structure (Eberwein & al., 2009 ). The male flowers have a valvate perianth and anthers fused into a synandrium whereas the female flowers are the smallest among angioserms composed of as few as 50 cells (Hansen, 1972) . The length of the branch leading to the two Balanophora species (Fig. 1) is exceptionally long, thereby reflecting the number of substitutional changes that accompanied the evolutionary trajectory of this genus. The neotropical genera Lophophytum Schott & Endl. and Ombrophytum Poepp. have long been known to be related (Harms, 1935) and Lathrophytum Eichl. may also be part of this group (Nickrent, unpub. molecular data) . Their female flowers lack a perianth and have two styles. Another neotropical subfamily, Helosidoideae (Harms, 1935) contains Corynaea Hook.f., Helosis Rich. and three paleotropical genera Ditepalanthus Fagerl., Rhopalocnemis Junghuhn and Exorhopala Steenis (none sampled here). The latter genus was synonymized with Helosis by Eberwein & Weber (2004) ; however, molecular data confirming that these taxa are congeneric does not yet exist. The New World genus Scybalium Schott & Endl. placed in its own family Scybaliaceae by Takhtajan (1997) also belongs near Corynaea and Helosis (Nickrent, unpub. molecular data) , thus supporting the classification of Harms (1935) . The genera Sarcophyte Sparrm. and Chlamydophytum Mildbr. (latter unsampled) occur in tropical Africa and are characterized by having robust, paniculate male inflorescences. They were placed in subfamily Sarcophytoideae by Harms (1935) and Sarcophytaceae by Takhtajan (1997) . The molecular data show Sarcophyte as intermediate in position between the Balanophoroideae / Langsdorffioideae clade and the Lophophytoideae / Helosidoideae clade.
Conclusions. -For the autotrophic and hemiparasitic members of Santalales, this study confirms the composition of and support for clades seen in previous molecular phylogenetic studies that were classified at the family level. Presented here is strong evidence that the holoparasitic family Balanophoraceae are derived from within Santalales. A relatively slow-evolving clade composed of Dactylanthus, Hachettea, and Mystro petalon (all Southern Hemisphere taxa) was shown to be sister to Loranthaceae and is here recognized as Mystropetalaceae. The other fast-evolving clade, composed of seven sampled genera, including Balanophora, has a wide distribution in tropical and subtropical areas and is here recognized as Balanophoraceae s.str. Our data, which support the nonmonophyly of Balano phoraceae s.l., help to explain why the morphology-based classifications of this family have historically varied widely.
